SUMMARY
INTRODUCTION
Paramecium bursaria chlorella virus-1 (PBCV-1) is a large double-stranded (ds) DNA virus that replicates in certain unicellular eukaryotic chlorella-like green algae (1) . By 4 hrs after infection, the DNA concentration in a virus-infected cell increases four-to ten-fold due to viral DNA synthesis (2) . Viral DNA synthesis presumably requires higher concentrations of deoxynucleotides (dNTPs) than the host can supply, implying that large quantities of dNTPs need to be synthesized de novo by viral encoded proteins. Genome sequencing of PBCV-1 revealed that the virus encodes at least 13 putative enzymes involved in DNA precursor metabolism (1), among them deoxyuridine 5'-triphosphate (dUTP) pyrophosphatase and deoxycytidine 5'-monophosphate (dCMP) deaminase that participate in the formation of deoxyuridine 5'-monophosphate (dUMP) from dUTP and dCMP, respectively. dUMP is a substrate for thymidylate synthase and is required for de novo synthesis of thymidylate (dTMP), an essential DNA precursor. Whereas PBCV-1 lacks a canonical thymidylate synthase ThyA (EC 2.1.1.45), its open reading frame (ORF) A674R has a highly conserved sequence motif RHRX 7 S ("ThyX motif") as well as significant overall amino acid sequence similarity to an alternative class of thymidylate synthases, called ThyX (EC 2.1.1.148) (3) . ThyX proteins are found in many pathogenic bacteria and several ds DNA viruses. Although numerous ThyA homologs have been analyzed from viral sources, no data is available for viral ThyX proteins.
The homodimeric ThyA (4) and homotetrameric ThyX proteins (3, 5) have no sequence or structural similarity but both catalyze the methylation of dUMP to dTMP.
Although both, ThyA and ThyX depend on methylenetetrahydrofolate (CH 2 H 4 folate) for activity, they differ markedly regarding their reductive mechanisms. CH 2 H 4 folate provides a methylene group and functions as the reductant in ThyA-catalyzed reactions (6) . In contrast, Helicobacter pylori ThyX appears to use CH 2 H 4 folate only as a one-carbon donor; ThyX proteins catalyse dTMP formation only in the presence of reduced pyridine nucleotides and oxidized FAD (3) . To date, direct proof for this ThyX catalyzed redox reaction has been missing.
In this work we show that the phylogenetic distribution, gene expression profile and genetic properties of PBCV-1 A674R are consistent with its physiological role as a thymidylate synthase during viral infection. PBCV-1 ThyX is highly efficient at forming dTMP. Biochemical studies indicate that ThyX proteins with bound FAD act as NAD(P)H oxidases in the presence of bound dUMP, indicating that viral infection requires FAD from the host. This oxidation activity is directly linked to FAD reduction. As NAD(P)H and CH 2 H 4 folate binding sites might overlap, our data have strong implications for developing specific ThyX inhibitors and allow us to propose a model for the early stages of ThyX catalysis.
EXPERIMENTAL PROCEDURES

Growth of chlorella viruses and bacterial strains
Production of chlorella viruses and virus DNA isolations were performed as described (7, 8 
Northern and dot blot analyses
Chlorella cells (3 x10 9 ) were collected at various times after PBCV-1 infection, frozen in liquid nitrogen, and stored at -80 o C. Cells were suspended in TRIzol reagent (Invitrogen) and disrupted by vortexing with glass beads (0.25-0.30 mm in diameter) at high speed for 5-20 min with intermittent cooling.
Isolated RNA was denatured with formaldehyde, separated on 1.5% agarose gels, and transferred to a nylon membrane (Osmonics, Inc.) as described (9) . RNA was hybridized with a 32 P-labeled a674r probe at 65 o C in 500 mM NaPO 4 , 1% bovine serum albumin, and 7% SDS. The probe was 32 P-labeled using a random-primer DNA labeling kit (Invitrogen). After hybridization, radioactivity bound to the membranes was detected with a Storm 840 Phosphorimager and ImageQuant software (Molecular Dynamics, Inc.). To monitor possible loading differences between samples, the relative amount of the 3.6-kb rRNA in each lane was determined by converting the photographs of stained membranes to digital images using a Hewlett-Packard ScanJet 4C scanner and analyzing the images with ImageQuant software.
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Viral DNAs for the dot blots were denatured and applied to nylon membranes (Osmonics, Inc.), fixed by UV cross-linking, and hybridized with the same probe used for the northern analyses.
Molecular genetic techniques and construction of plasmids
The pVEX plasmid containing the thyX gene from PBCV-1 is a pGEX-2T
(Amersham Biosciences) derivative that contains an IPTG-inducible tac promoter, an ampicillin selection marker, a T7 tag enhancer, and carries a deletion in the glutathione S-transferase (GST) gene. The thyX gene was amplified using the polymerase chain reaction (PCR) with primers a674rF (5'-ATGGCTAGCATGACTGGTTCCGCAAAGCTCATTTCCGTTACCAAG-3') and
GTGCTTTTGCAATGCT-3') and inserted as a fusion gene (T7tag-a674r6HIS) into unique NheI and XhoI sites. This construct carrying a hexahistidine-tag at its carboxyl terminus was confirmed by DNA sequencing. The mutant allele carrying an E190G substitution resulting from mutagenesis during the PCR amplification was isolated during the cloning procedure.
Protein expression and purification
The PBCV-1 wild-type and mutant ThyX proteins were expressed in E. coli BL21 at 37°C in 800 ml LB medium containing 100 µg/ml ampicillin. Protein expression was induced by adding 1 mM IPTG to early exponential phase cultures (O.D. 600 ≈ 0.5) for 4 hours. His-tagged proteins were purified from cell-free extracts by gravity-flow chromatography on Ni-NTA agarose (Qiagen) and eluted protein was stored at -80°C in 50 mM N-(2-hydroxethyl)piperazine-N'-(2-ethanesufonic acid (HEPES), pH 7.0, supplemented with 10% glycerol. Protein samples were analyzed on 10% SDS PAGE and were more than 95% pure. Control experiments with noncomplementing mutants established that E. coli thymidylate synthase ThyA does not bind to the column under these conditions (10) .
ThyX activity measurements
Tritium release assays for measuring PBCV-1 ThyX activity in vitro were performed essentially as described earlier for H. pylori ThyX protein (10) using enzyme concentrations of 40 µg/ml and stopping incubations after 3.5 min.
Kinetic parameters were determined using non-linear regression software (GRAPHPAD Ci/mmol). Reactions were started by adding 3 µM purified enzyme and stopped after 1 hour incubation at 37°C. Prior to HPLC analysis, nucleotides and folates were separated using a small DEAE-cellulose column (0.4x0.5 cm) as described previously (11) . Nucleotides were eluted from the DEAE-cellulose column with 2 ml of 100 mM NaOAc (pH 6.0), lyophilized and resuspended in 20 µL water. For dTMP separation, the nucleotides were injected into a C18 HPLC column (Beckmann Instruments) equilibrated with 10 mM KPi buffer, pH 4 and separated at a flow rate of 1 ml/min. The produced dTMP was measured with a tritium detector (Lablogic).
Oxidation of NADPH and NADH
The various reactions were incubated for 5 minutes at 25 °C upon addition of enzyme using a total volume of 100 µl. Reaction components are listed in Table 1 .
Activity was monitored by decrease of absorbance at 340 nm using a CARY 50 spectrophotometer (Varian). An extinction coefficient (ε 340 ) of 6400 cm -1 was used to quantify absorption changes. Note that this assay is different from the spectrophotometric assay for ThyA proteins that catalyze the oxidation of H 4 folate to H 2 folate resulting in net increase in absorption. Qualitative NAD()H oxidation linked to FAD reduction was measured under anaerobic conditions following decrease in absorption at 450 nm using an SFM-300 stopped flow system (Bio-Logic) equipped with Biokine 32 software for data collection.
FAD binding to ThyX
Fluorescence quenching of FAD due to binding to ThyX protein was used to quantify the formation of the FAD-ThyX complex. FAD was added at concentrations varying between 0 and 50 µM to ThyX (final concentration of 8 µM) in 20 mM Tris, pH 7.5. Samples were excited at 450 nm with an SFM25 fluorometer (Biotek Instruments) and fluorescence emission of FAD was detected at 520 nm.
Measurements were performed after sample equilibration (1 minute after FAD addition).
Chemicals
5F-dUMP was obtained from Sigma-Aldrich, France. CH 2 H 4 folate and H 4 folate were a generous gift of Dr. Moser (Eprova). The inhibitors tested (see Table   2 ) were kindly provided by Prof. Thomas I. Kalman, The State University of New York, Buffalo NY, USA.
RESULTS
Distribution and transcription of thyX genes from chlorella viruses
The chlorella virus PBCV-1 lacks a gene that encodes the canonical thymidylate synthase ThyA. However, PBCV-1 contains orf A674R (GenBank accession number g14916853) that is predicted to encode a 215 amino acid protein with up to 53 % amino acid identity to a newly described class of flavin-dependent thymidylate synthases, called ThyX. To determine if the thyX gene is common among the chlorella viruses, genomic DNAs from 42 chlorella viruses isolated from diverse geographical sources, as well as the host chlorella, were hybridized to an a674r probe of the a674r transcript suggests that the RNA might have been isolated under less than ideal conditions. However, repeated RNA isolations and a674r hybridization experiments always produced the same diffuse pattern. It has been our experience that certain PBCV-1 genes produce diffuse hybridization signals (13), whereas others do not. Stripping the a674r blot and re-probing the filter with gene probes that produce sharp RNA bands, gave sharp RNA bands; thus the diffuse a674r hybridizing band is not due to contaminating RNase activity. Possible explanations for the diffuse pattern are that the a674r gene lacks a well-defined transcriptional stop signal or that the a674r mRNA is rapidly degraded.
These experiments establish that thyX transcription occurs early in viral infection and suggest that the availability of thymidylate might be a limiting factor for virus replication as it needs to be synthesized de novo. The wide distribution of thyX genes in the chlorella viruses supports the importance of thyX for viral replication.
[ Figure 1 ]
Non-orthologous functional replacement of a cellular thyA gene with
PBCV-1 thyX
We tested whether PBCV-1 gene a674r or a mutant allele carrying an E190G substitution can functionally replace the E. coli thyA gene. Using an IPTG-inducible promoter, viral proteins were produced in E. coli strain χ2913 (∆thyA) and their ability to functionally complement the ThyA deficiency of the host strain was scored on defined minimal growth medium in the absence and presence of 1 mM IPTG.
Control experiments using the plasmid pVEX without insert resulted in no growth under both conditions (data not shown). In contrast, E. coli χ2913 transformants carrying the PBCV-1 gene a674r (wild type gene) on a plasmid formed yellowish colonies on solid minimal medium after two days in the presence of IPTG, whereas cells transformed with the E190G substitution did not ( Figure 1C ). This level of complementation is higher than when E. coli χ2913 is complemented with a H. pylori thyX gene; these cells form colonies after 3-4 days under similar conditions (3).
These results indicate that PBCV-1 gene a674r encodes a functional thymidylate synthase ThyX. The results also imply that the conserved amino acid residue E190
serves an important role in ThyX catalysis.
Determination of steady-state kinetics for "tritium release" activity of
PBCV-1 ThyX
The PBCV-1 wild type and E190G mutant genes were expressed in E. coli as nm (data not shown) due to non-covalently bound FAD.
[Figure 2]
Using PBCV- [ Figure 3 ]
Quantification of highly efficient dTMP forming activity by PBCV-1 ThyX
To prove that the deprotonation activity used to measure ThyX activity in Under these conditions where 0.5 µM dUMP was limiting activity, ThyX proteins catalyze dTMP formation with 90% yield ( Figure 3A) . The elution times observed for dUMP and dTMP were 5.9 and 10.8 minutes, respectively. dTMP was not detected in a control reaction performed without enzyme ( Figure 3B ). These results indicate that the high tritium release activity used to quantify ThyX activity in Figure   2 is directly linked to dTMP formation, a physiologically significant activity in agreement with the genetic complementation studies.
FAD bound to the active site of PBCV-1 ThyX is required for activity
Free FAD in solution has a characteristic fluorescence emission peak at 520 nm after excitation at 450 nm. Quenching of this fluorescence can be used to quantify pylori ThyX activity is much lower than PBCV-1 ThyX activity (10).
[Figure 4]
ThyX is an NADPH oxidase
Previous experiments with H. pylori ThyX suggest that oxidation of NADPH is linked to the reduction of enzyme-bound FAD. While we could not readily address this question with H. pylori ThyX, the high specific activity of the PBCV-1 ThyX protein allowed us to examine this reaction. ThyX catalyzes time dependent absorption changes with a broad absorption maximum at 340 nm ( Figure 5A ), which were absent in a control reaction without enzyme ( Table 1 ). The maximal oxidation activity we have measured in the presence of 200 µM NADPH corresponds to kcat value of ≈ 11 min -1 ( Figure 5B and Figure   5C .
[Figure 5]
A unique feature of the reaction is that dUMP is required for efficient NADPH oxidation activity. The dUMP effect is specific, as NADPH oxidation occurs poorly with UMP or dTMP (see Table 1 ). In addition, omitting CH 2 H 4 folate from the reaction mixtures increases oxidation activity by a factor of 7. The inhibition by 5'-fluorodeoxyuridine monophosphate (5F-dUMP) does not result from its covalent binding to the enzyme (unpublished mass spectrometry analysis), but rather from competitive inhibition with a Ki value of 0.3 µM (measured in 2.5 µM CH 2 H 4 folate).
Altogether these results establish that the substrate NADPH is oxidized by a preformed dUMP-ThyX complex and that NADPH and folate binding sites partially overlap.
[ Table 1 ]
Effect of ThyA inhibitors on PBCV-1 ThyX activity
Four folate derivatives and three nucleotide analogues were tested for inhibitory effects against deprotonation activity of PBCV-1 ThyX. The potent ThyA inhibitors 10-propargyl-5,8-dideazafolate, 10-methylfolate and 8-azapurinone deoxyribonucleoside 5'-phosphate (see Table 2 ) had no effect on PBCV-1 ThyX (Table 2 and data not shown). Interestingly, 8-aminopurinone deoxyribonucleoside 5'-phosphate, which has no effect on ThyA activity (Kalman T. I., personal communication), inhibits ThyX activity about 50%, whereas the potent transition state inhibitor 8-azapurinone deoxyribonucleoside 5'-phosphate (17) has no effect. The found inhibitors will be used in future experiments to further dissect the details of ThyX reaction. Identification of these inhibitors also indicates that conception of ThyX specific inhibitors without inhibitory effect against human ThyA protein is feasible.
[ Table 2 ]
DISCUSSION
The studies reported here provide the first evidence that the FAD-requiring thymidylate synthase ThyX is important during the replication of many chlorella Our recent studies using site-directed mutagenesis, genetic and biochemical characterizations established that the H. pylori ThyX active site is located at the interphase of three subunits of the homotetramer (10) . Structural data of the oxidized Thermotoga maritima enzyme indicates that dUMP binds at this active site (18) . We proposed previously that the orientation of dUMP at the active site is influenced by conformational changes brought about by FAD reduction and/or folate binding. In agreement with these proposals, we now demonstrate that ThyX proteins possess NADPH oxidation activity that increases in the presence of dUMP ( Figure 5 , Table 1 ). It is of note that earlier structural studies have indicated that dUMP binding induces a conformational change in the T. maritima ThyX protein that orders the isoalloxazine ring of FAD (18) that may account for the observed increase in oxidation activity. The observation that NADPH oxidation in a time scale relevant for ThyX catalysis is linked to FAD reduction is the first direct evidence that FAD plays a redox-active role during ThyX catalysis, predicting that H 4 folate and not H 2 folate (as is the case for ThyA) is the reaction product.
Altogether, our results indicate that the ThyX reaction mechanism that requires three substrates (NADPH in addition to dUMP and CH 2 H 4 folate) is more complex than the ThyA reaction that uses only two substrates. Strikingly, dUMP influences NADPH oxidation activity of the protein; this finding suggests that the structurally stable dUMP-ThyX complex plays a pivotal role during ThyX catalysis ( Figure 6 ).
Data shown in Table 1 indicates that the ordered binding of dUMP to the enzyme is required for efficient initiation of catalysis. The observation that CH 2 H 4 folate inhibits NADPH oxidation activity indicates that, after release of NADPH, CH 2 H 4 folate is the last substrate to bind at the ThyX active site. The model shown in Figure 6 summarizes our current understanding of ThyX catalysis, thus providing a framework for a further detailed kinetic analysis of the ThyX reaction.
[ Figure 6 ]
ThyX proteins exist in many pathogenic bacteria and provide an ideal target for new antimicrobial agents (for a recent review see 19) , thus underlining the need to identify specific ThyX inhibitors. In this respect, our observation that the 
